The question of whether complete or incomplete ischemia is more harmful to brain tissue is one that has resulted in contradictory findings (Hossmann and Kleihues, 1973; Hossmann and Zimmerman, 1974; Marshall et aI., 1975a,b; Nordstrom et aI., 1976; Nordstrom and Siesjo, 1978; Rehncrona et aI., 1979; Steen et aI., 1979) . Comparisons between experimental studies are sometimes problematic due to the variability of animal models and differ ences in the severity and duration of ischemic in sults. Contradictory findings may also be the con sequences of different patterns of lactate accumula tion during prolonged periods of incomplete versus complete ischemia (Siesjo, 1981) . Excessive lactate accumulation appears to hinder brain recovery re-not incomplete, ischemia. Ultrastructural abnormalities at the same duration of complete ischemia included a high frequency of endothelial microvilli and compressed lumina with severe perivascular astrocytic swelling. When recirculation was instituted for I h following I h of complete ischemia, regions of nonperfusion were de tected autoradiographically. Thus, when the degree of lactic acidosis is controlled, prolonged periods of com plete ischemia result in a more severe pathological out come compared to incomplete ischcmia. Focally im paired postischemic cerebral perfusion appears to be an important factor in infarct formation under the present experimental conditions. Key Words: Cerebral blood flow -Ischemia -Microcirculation -" N o-reflow" phe nomenon.
gardless of the presence or absence of residual ce rebral blood flow during ischemia (Rehncrona et aI., 1981) . Recently, Yoshida and colleagues (1985) have demonstrated that in the absence of severe tissue lactate acidosis, residual cerebral blood flow during prolonged periods of ischemia helps post ischemic restitution of brain energy metabolism. In that study, severe lactic acidosis (i. e. , lactate con centration >20 mmollkg) during incomplete isch emia was inhibited by the use of fasted rats and halothane Siesjo, 1970, 1971) .
To our knowledge, the histopathological conse quences of complete versus incomplete ischemia have not been compared when the degree of lactate accumulation is similar in both ischemic conditions. The present study was therefore undertaken to de termine whether incomplete or complete ischemia, uncomplicated by severe lactate accumulation, is more detrimental to brain tissue. Additionally, ul trastructural studies were conducted in an attempt to identify early microvascular abnormalities that might impede postischemic brain recovery. Finally, local cerebral blood flow (lCBF) was measured au toradiographically during early periods of postisch emic recirculation to characterize and quantitate any hemodynamic defects that might be present during early periods of recirculation.
MATERIALS AND METHODS

Animal model
All experiments were performed on male Wistar rats that had been deprived of food, but not water, for 16-18 h prior to use. The method of ischemia induction has been previously discussed (Yoshida et aI., 1985) . In brief, rats were anesthesized with 3% halothane and were para lyzed with D-tubocurare chloride (5 mg/kg). They were next mechanically ventilated and maintained on 1 % halo thane and 70% nitrous oxide with a balance of 30% ox ygen for a period of 60 min. During preparatory steps, the left and right femoral artery and vein were cannulated for continuous blood pressure monitoring, periodic arterial blood sampling, and infusions. Bilateral common carotid arteries were isolated and encircled with PE-1O polyeth ylene tubing through a dual-bore Silastic tubing. The at lanto-occipital membrane was exposed in the midline, and a double-barrel needle, consisting of two 27-gauge needles, was inserted into the cisterna magna and se cured with glue. Mock cerebrospinal fluid equilibrated with 5% CO2 was prepared as previously described (Ljunggren et aI., 1974) . After completion of the surgical preparations, halothane was discontinued for at least 45 min before ischemia was induced. During this period, ventilation was adjusted to hold P02 around 100 mm Hg and Pco2 between 35 and 45 mm Hg.
Systemic hypotension was induced in heparinized rats by introducing 5% halothane into the respiratory gas mixture (70% N20 and 30% O2), The common carotids were then occluded bilaterally when mean arterial blood pressure was reduced to 50-60 mm Hg. To produce in complete ischemia, CSF pressure was raised to 10-15 mm Hg, whereas CSF pressure was elevated above sys tolic blood pressure to produce complete ischemia. Halo thane was regulated during the period of ischemia to maintain blood pressure levels. A 60-min ischemic insult was chosen so that results could be directly compared to previous neurochemical data and to maximize the chances of demonstrating histopathological differences between the two ischemia groups. At the end of the isch emic insult, common carotid occlusion was discontinued, along with cisternal CSF infusion and halothane inhala tion. During the recirculation period, respiratory adjust ments were made as needed to keep blood gas readings within normal limits. Control rats underwent all surgical procedures, except that the common carotid arteries were not occluded. In the complete ischemia series, con trol rats had their CSF pressure raised to 10 mm Hg.
Light-level histopathological evaluation
For the light microscopic study of paraffin-embedded tissue, rats underwent 60 min of complete (n = 7) or in complete (n = 6) ischemia, followed by 4 h of recircula tion. At this time, rats were perfusion-fixed by transcar diac perfusion with a mixture of formaldehyde, glacial acetic acid, and methanol (FAM; 1:1:8 by volume). Heads were then immersed in the fixative overnight prior to brain removal. Brains were next paraffin-embedded, and 1O-/-Lm coronal sections of the forebrain were pre pared at standard coronal levels and stained with hema toxylin and eosin. So that the morphological results could be compared to the biochemical data previously reported in this ischemia model (Yoshida et aI., 1985) , similar re gions of interest were selected for study. These included medial and dorsolateral portions of parietal neocortex, dorsal hippocampus, dorsal thalamus, and caudate nu cleus. Microscopic sections of each animal were ana lyzed by an observer (W.D.D.), who was blind to the ex perimental conditions employed. Ischemic neuronal damage and brain infarction were graded in mUltiple areas of the forebrain on a semiquantitative scale: 0, normal; 1, few affected neurons; 2, many affected neu rons; 3, all neurons affected; and 4, infarction. A grade of 4 was recorded in cases where only a portion of a struc ture demonstrated signs of infarction. Histopathological scores in rats with incomplete and complete ischemia were compared by the Kruskal-Wallis one-way analysis of variance by ranks (Siegel, 1956 ).
Carbon black perfusion
To document early evidence for ischemia-induced per fusion deficits, animals underwent 20-25 min of com plete (n = 3) or incomplete (n = 3) ischemia, followed by perfusion with carbon black. Immediately following the ischemic period, the carotid ligatures were removed, CSF pressure normalized, and the rats perfused transcar dially at 100 mm Hg for 30 s with saline solution, followed by 50 ml of filtered carbon black (Pelikan AG; Hannover, Germany). Brains were then carefully removed from the cranial vault and placed in fixative consisting of 2.2% paraformaldehyde in a 0.1 M sodium phosphate buffer. Coronal brain sections of the rat forebrain were then made with a Vibratome (200 /-Lm) and photographed.
Ultrastructural study
To document ultrastructural alterations in the micro vasculature, rats underwent 20-25 min of complete (n = 3) or incomplete (n = 3) ischemia, followed by immediate perfusion for electron microscopic analysis. Following the ischemic insult, animals were perfusion-fixed with 0.9% sodium chloride solution, followed by 2% parafor maldehyde and 2.5% glutaraldehyde in a 0.1 M sodium phosphate buffer. The fixed brains were then removed from the cranial vault and placed in fresh chilled fixative at 4°C for 2 h. Brains were then sectioned into coronal blocks containing standard brain areas and were returned to chilled 0.1 M sodium phosphate buffer at 4°C for 2 h. Each blocked segment was mounted on an Oxford Vibra tome and completely sectioned at 15 0 /-Lm in the coronal plane. Adjacent sections were processed for routine scanning or transmission electron microscopy as pre viously described (Dietrich et aI., 1984) .
Autoradiographic method of ICBF
Alterations in local CBF were assessed autoradio graphically in the rat to characterize blood flow patterns in the early postischemic recirculation period. Rats un derwent 60 min of complete (n = 5) or incomplete (n = 4) ischemia, followed by 60 min of reperfusion. At this time, 30 /-LCi of the radio tracer [I4C]iodoantipyrine (New England Nuclear, Boston, MA, U.S.A.; specific activity 40-60 mCi/mmol) dissolved in 1 ml isotonic saline was infused intravenously at a constant rate over 45 s via a Harvard infusion pump. Arterial blood was sampled at 2-s intervals from a tip of a freely flowing femoral arterial catheter. Studies were terminated by decapitation with an air-driven guillotine. Brains were then quickly removed from the skull and were frozen by suspension over liquid nitrogen. For preparation of the autoradiograms. the brains were warmed in a cryostat to -20°C. and coronal sections (20 )Lm in thickness) were prepared in duplicate at 600-)Lm intervals. Dried sections, together with pre calibrated [14C]methylmethacrylate standards (Amer sham, Arlington Heights, IL, U. S. A. ) were exposed to Kodak SB-5 x-ray film for 10 days. Quantitative densi tometry was performed as previously described (Dietrich et aI. , 1986) , and ICBF was calculated by the method of Sakurada et al. (1978) .
RESULTS
The physiological variables following I h of ei ther complete or incomplete ischemia, combined with 4 h of reperfusion, were similar to those pre viously published . Arterial plasma glucose was 10. 36 ± 1. 3 mmol/L in fasted preischemic rats. The decline of hematocrit was similar at the end of complete and incomplete isch emia, and systemic metabolic acidosis was not en countered. Brain lactate levels did not exceed 20 mmollkg during the study period. Postischemic changes in mean arterial blood pressure were sim ilar in rats subjected to incomplete and complete ischemia.
Histopathology
The histopathological findings in the 4-h recircu lation series are summarized in Ta ble I and Fig. 1 . Following 60 min of incomplete ischemia, small-to medium-sized striatal neurons were consistently damaged. Pyramidal neurons of the subiculum, CAl, and CA4 sectors of the hippocampus were
also damaged. Within the neocortex, neuronal damage was concentrated within layers 3, 5, and 6. Scattered ischemic neurons within intact neuropil were present within the thalamus at the level of the FIG. 1. Paraffin-embedded sections, stained with hematox ylin-eosin, taken from brains of rats subjected to either 60 min of incomplete (A and E) or complete (8, C, 0, and F) ischemia followed by 4 h of recirculation. (A) Well-perfused pial and parencymal vessels. hippocampus (Fig. IE) . Striatal infarction was seen in one of the six rats that underwent 60 min of incomplete ischemia. Blood vessels, although appearing to be well perfused, were consistently surrounded by clear perivascular spaces (Fig. IA  and E) .
The most obvious difference between the incom plete and complete ischemia series was the pres ence of nonperfused blood vessels (Fig. 1B and C) and multiple infarcts (Fig. IC and D) in brains fol lowing complete ischemia. Pial and parenchymal vessels were frequently distended and filled with blood elements. The frequency of infarction is pre sented in Ta ble I. Sites of focal infarction fre quently occurred within subcortical areas, in cluding the striatum and thalamus; cortical necrosis was seen in three of six rats. In these areas, ne crosis of endothelial and glial cells along with neu rons was observed. Arterioles and venules demon strating luminal congestion were surrounded by perivascular spaces (Fig. I C and F) . Cortical in farction was unevenly distributed and rarely in volved all the cortical layers (Fig. 1 C) . In addition to the infarcted sites, a higher frequency of neu ronal damage was also documented following com plete ischemia compared to the incomplete isch emic group (Table 1) . Ischemic neuronal damage following complete ischemia was not restricted to selectively vulnerable areas. For example, within the hippocampus, CA3 sector contained injured neurons in four or six rats. Control brains from the complete and incomplete ischemic series appeared unremarkable and contained no sites of tissue in farction, ischemic cell change, or vascular stasis.
Carbon black infusion
Perfusion defects were infrequent in rats that had undergone 25 min of incomplete ischemia without recirculation ( Fig. 2A) . When present, defects oc curred in the superficial portions of the cerebral cortex. Subcortically, perfusion appeared to be normal within the thalamus, striatum, and hippo campus (Fig. 2B) .
In contrast, 25 min of complete ischemia resulted in severe perfusion deficits in all animals ( Fig. 2C  and D) . Subcortical areas most frequently affected included the striatum, hippocampus, and thalamus. Nonperfused areas were occasionally asymmetrical in distribution, with the hippocampus being unilat erally affected in a single animal. Within the cere bral cortex, areas of altered perfusion appeared to be less severe. Most frequently, these regions were patchy and columnar in appearance (Fig. 2C ).
Ultrastructural analysis
Light and electron microscopic study of brain tissue obtained from rats that had undergone 25 min
Carbon black-infused rats following either 25 min of incomplete (A and B) or complete (C and 0) ischemia. Co ronal sections at levels of striatum (S) or hippocampus (H) and thalamus (T) demonstrate the different perfusion pat terns obtained in the two experimental groups. Brains of the incomplete series appear to be well perfused, whereas focal regions of decreased vascular perfusion are present within cortical and subcortical regions of the complete ischemia series.
of incomplete ischemia without recirculation re vealed a spectrum of microvascular alterations. Thick plastic sections of cortical and subcortical brain areas stained with toluidine blue demon strated well-perfused blood vessels surrounded by perivascular spaces. Occasionally, red blood cells were seen within some cortical areas, indicating abnormal perfusion. Swollen perivascular astro cytic foot processes and cell bodies with nuclei containing clumped chromatin were identified with transmission electron microscopy (Fig. 3A) . Al though the degree of swelling was severe, luminal compression was infrequent. Endothelial cells ap peared to be relatively perserved, and tight junc tions were intact. Swollen endothelial cells were not detected in the postischemic tissue. Increased numbers of endothelial vesicles and microvillous projections were a common occurrence. Vascular endothelial microvilli were prominent in brain spec imens analyzed by scanning electron microscopy ( Fig. 3B) .
Microvascular alterations were more severe fol lowing 25 min of complete ischemia. The most dra matic abnormality was a high incidence of com pressed capillary lumina ( Fig. 3C and D) within specimens of cortical and subcortical brain regions. Vascular compression was associated with severe perivascular glial swelling. Vessels in which the lumens were not compressed often contained eryth rocytes and occasional platelets. When encoun tered, luminal platelets contained dense granules and few pseudopodia. Occlusive platelet thrombi were not detected in any of the specimens ana lyzed. Scanning electron microscopy demonstrated a high frequency of endothelial surface projections, similar to those seen in the incomplete series. The frequency of the endothelial projections was not quantitated. In addition to microvilli, surface pro cesses appearing as longitudinal folds were ob served by scanning electron microscopy.
lCBF following 60 min of recirculation
Incomplete ischemia resulted in a wide variation of lCBF among animals and within individual brain structures (Figs. 4 and 5A and B) . Most flow rates were below control values, with the most severe decrease occurring within the dorsolateral cortex (30% of control). Within the striatum, lCBF was elevated in three of four rats. Complete ischemia also resulted in a heterogeneous hemodynamic pat tern (Figs. 4 and 5C-F) . In addition to areas of hy poperfusion and hyperemia, focal regions of severe perfusion deficits, ranging from slight to severe, were detected in all rats at this postischemic time period (Fig. 4) . These regions were most common within the striatum and thalamus and occasionally asymmetrical in distribution (Fig. 5D ). Hyperemic zones were occasionally adjacent to brain struc tures exhibiting severe perfusion defects ( Fig. 5E  and F) .
DISCUSSION
The present results indicate that residual CBF during prolonged periods of severe incomplete isch emia is beneficial to the survival of brain tissue when severe lactic acidosis is inhibited. These mor phological results are consistent with neurochem ical data demonstrating less extensive metabolic re covery in subcortical brain regions following com plete ischemia (Yoshida et aI., 1985) . In the present study, areas of tissue infarction were common within deeper brain structures following 60 min of complete ischemia coupled with a 4-h recirculation period. In contrast, incomplete ischemia resulted in scattered neuronal damage within an intact neu ropil. Ta ken together, these results support the pre dictable conclusion that metabolic recovery is sig nificantly better within brain tissue undergoing only neuronal damage compared to frank necrosis.
In ultrastructural studies that have documented the microvascular consequences of severe incom plete ischemia, marked perivascular swelling without vascular compression is reported (Fischer et aI., 1977; Petito, 1979; Kalimo et aI., 1981a; Die trich et aI., 1984) . Additionally, ischemic cell change is restricted to "selectively vulnerable" brain regions, including layers 3, 5, and 6 of the neocortex, zones hi and h3-5 of the hippocampus, and the caudate nucleus (Pulsinelli et ai., 1982a; Brierley and Graham, 1984) . Although animals sur-
iodoantipyrine autoradiographic images of coronally sectioned rat brain following 60 min of incomplete (A and B) or complete (C-F) ischemia, coupled with 60 min of recirculation. The color scale at the top of each figure represents levels of ICBF in ml/g/min x 100. Autoradiograms from incomplete series show a heterogeneous pattern of ICBF, including sites of hypoperfusion and mild-to-moderate hyperemia. Severe perfusion deficits are present following complete ischemia (C and 0), with an asymmetrical ICBF pattern demonstrated in O. Frequently, sites of severe perfusion deficits were irregular in distribution and were associated with regions of hyperemia (E and F).
vived for only 4 h in the present study, neuronal damage was confined to "selectively vulnerable" brain regions. It is important to note that these neu ronal alterations occurred in the absence of post ischemic vascular obstruction. Our data suggest that postischemic vascular factors are not primarily responsible for the phenomenon of regional neuronal vulnerability. In contrast, severe perfusion defects most likely play a significant role in infarct formation following the complete ischemic insult.
The "no-reflow" phenomenon, i.e., an initial failure of brain microvascular reperfusion, fre quently detected following periods of complete global ischemia Ginsberg and Myers, 1972; Wade et aI., 1975; Fischer et aI., 1977; Lin and Kormano, 1977) is not a common finding following periods of severe incomplete ischemia (Pulsinelli et aI., 1982b; Kagstrom et aI., 1983b) . Potential mechanisms responsible for overt "no-re flow" include increased blood viscosity following extended periods of erythrocyte stasis (Merrill, 1969; Hallenbeck, 1977; Fischer et aI., 1979) , the physical compression of vascular lumina by peri vascular glial swelling (Chiang et aI., 1968; Little et aI., 1976) , or inadequate perfusion pressure (Ljung gren et aI., 1974) . The presence of blood in the ce rebral microvasculature during periods of complete ischemia appears to enhance reperfusion abnormal ities (Ames et aI., 1968; Hossmann and Olsson, 1970; Olsson and Hossmann, 1970) . In reference to this discussion, it is important to note that the present method of producing complete ischemia re sults in "bloodless ischemia" (Ljunggren et aI., 1974) . This characteristic would inhibit intravas cular stagnation and thus decrease the potential for rheological factors playing an important role in per fusion abnormalities.
In that perivascular glial swelling was a common occurrence in both the complete and incomplete ischemic series, it is not clear why vascular com pression was a consistent finding only in rats fol lowing complete ischemia. Pronounced changes in the intracellular ionic content of the brain take place during and after cerebral ischemia (Hoss mann et aI., 1977) , and increased extracellular po tassium has been shown to produce astrocytic swelling (for review, see Hertz, 1981) . Edema for mation may be more severe during the early stages of complete ischemia, with perivascular swelling and increased intracranial pressure leading to mi crovascular compression. Interestingly, postisch ernie brain edema is more severe in rats undergoing complete ischemia than incomplete ischemia (Busto et aI., 1985) . Severe brain edema of the va sogenic type (Klatzo, 1967) may occur when the blood-brain barrier is disrupted at sites of devel oping infarction-a consequence that may account for elevated brain water at late stages of recircula tion. A second possible explanation stems from the fact that to produce complete ischemia in our series, intracranial CSF pressure was increased above the systolic arterial blood pressure. This pressure difference during the ischemic period might be expected to exert a force strong enough to compress the thin-walled microvessels. The combi nation of increased intracranial pressure and isch emia-induced perivascular swelling most likely re sults in the present microvascular abnormalities. Excessive endothelial microvilli formation, com- Vol. 7, No.3, 1987 bined with the other microvascular abnormalities, might also be an important factor after complete ischemia.
Platelet activation has been implicated in a number of processes leading to cerebrovascular disease, including the phenomenon of postischemic hypoperfusion and cerebral infarction (Waltz and Sundt, 1967; Denton et aI., 1971; Dougherty et aI., 1979; Marcus, 1983; Obrenovitch and Hallenbeck, 1985) . Although luminal platelets were seen fol lowing complete ischemia, severe aggregation with subsequent vascular congestion was not observed. Platelets consistently appeared ovoid and con tained dense granules-characteristics that are not consistent with the physiological process of aggre gation. It is known that animals pretreated with heparin show no improvement in postischemic ce rebral reperfusion compared to controls (Fischer and Ames, 1972) . Nevertheless, the presence of lu minal platelets within vessels that appear to be well perfused suggests that periods of severe transient ischemia may result in platelet activation-an event whose functional consequences are not com pletely understood.
Sixty minutes of recirculation yielded a some what similar hemodynamic pattern in the incom plete and complete ischemia series. In both in stances, a heterogeneous pattern of ICBF, in cluding sites of hypoperfusion and hyperemia, was detected. Postischemic hyperemia is commonly re ported at the initial period of recirculation, with subsequent postischemic hypoperfusion lasting for variable periods (Pulsinelli et aI., 1982b; Kagstrom et aI., 1983b) . In the present study, hyperemic sites were still present following 60 min of recirculation. Prolonged hyperemia is associated with elevated levels of tissue lactate under the present experi mental conditions (Yoshida et aI., 1985) -abnor malities that may be due to the prolonged duration of ischemia used in our studies. The most dramatic difference was the presence of regions of impaired perfusion following complete ischemia, which were uncommon within the incomplete group. Kagstrom et ai. (l983a) have reported sites of "no-reflow" after 90 min of recirculation following 30, but not 15, min of complete compression ischemia.
Severe lactic acidosis during prolonged periods of incomplete ischemia can be detrimental to post ischemic brain survival (Rehncrona et aI., 1980; Welsh et aI., 1980; Rehncrona et aI., 1981; Siesjo, 1981) . Numerous studies have shown a relationship among levels of preischemic brain glucose, post ischemic perfusion, and ischemic severity (Myers and Yamaguchi, 1977; Ginsberg et aI., 1980; Kalimo et aI., 1981b; Pulsinelli et aI., 1982c) . Reductions in intracellular pH are known to influence mitochon drial function and may damage neurons directly through such a mechanism (Mela et aI., 1972; Siem kowicz and Hansen, 1978; Rehncrona et aI., 1981) . Additionally, morphological findings have demon strated that excessive lactic acidosis results in pri mary microvascular abnormalities (Paljarvi et aI., 1983) . In the study of Yoshida and colleagues (1985) , tissue lactic acidosis at the end of the isch emic period was more severe in the incomplete than in the complete ischemia group. However, al though a decline of tissue lactate was observed during the recirculation period in both series, post ischemic lactate remained higher following com plete than incomplete ischemia. Based on the present pathological findings, it is reasonable to suggest that the severe hypoperfusion or nonperfu sion developing after periods of complete ischemia impeded the metabolism and/or washout of tissue lactate. The consequences of prolonged periods of elevated lactate on the cerebral microvasculature and postischemic brain recovery merit additional study.
In summary, the present findings demonstrate that patterns of postischemic recirculation vary fol lowing prolonged periods of complete and incom plete ischemia. Microvascular abnormalities, in cluding perivascular swelling and luminal compres sion, were detected within the complete ischemia series and are likely to have played an important role in producing the perfusion deficits. These vas cular abnormalities appeared within brain regions that were destined to undergo ischemic infarction at later periods. Prolonged periods of complete ischemia result in a more severe pathological out come compared to incomplete ischemia when the latter insult is uncomplicated by severe lactic aci dosis. Although severe perfusion deficits are not felt to be essential for the development of brain in farction in other experimental models (Harrison et aI., 1975; Levy et aI., 1975) , perfusion deficits ap pear to be an important factor in the genesis of brain infarction under the present experimental conditions.
